Background. Natural killer (NK) cells provide a major defense against cytomegalovirus (CMV) infection through the interaction of their surface receptors, including the activating and inhibitory killer immunoglobulinlike receptors (KIRs), and human leukocyte antigens (HLA) class I molecules. This study assessed whether the KIR and HLA repertoire may influence the risk of developing symptomatic or asymptomatic disease after primary CMV infection in the immunocompetent host.
Human cytomegalovirus (CMV) is a member of the herpes virus family (type 5) that is ubiquitous in human populations, reaching a prevalence of 100% in Africa and Asia, and approximately 80% in Europe and the United States, depending on socioeconomic status [1] . Clinically, primary CMV infection is assumed to be asymptomatic in the immunocompetent host, but a minority of subjects (<10%) exhibit symptoms of the infection, such as malaise, fever, sweating, and abnormal liver function [2] . The reason for this different clinical picture is currently unknown.
There is increasingly compelling evidence that natural killer (NK) cells play a crucial role in host defense against CMV infection [3, 4] . In humans, a major component of NK cell target recognition depends on the surveillance of human leukocyte antigen (HLA) class I molecules by killer immunoglobulin-like receptors (KIRs), a family of diverse activating or inhibitory receptors that are expressed on the surface of NK cells and T-cell subsets [5] . Different KIRs can transmit inhibitory or activating signals to the cell, and combinations of KIR genes synergize to generate haplotypes with widely differing balance between activating and inhibitory types.
Two broad haplotypes of KIR genes have been defined on the basis of gene content. The A haplotype contains a single surface activating KIR gene, KIR2DS4, which is present as a null allele in 80% of cases, and 5 inhibitory KIR genes (KIR2DL1, KIR2DL3, KIR3DL1, KIR3DL2, and KIR3DL3). In contrast, the B haplotype is characterized by variable numbers of activating and inhibitory genes [6] .
KIRs bind specifically defined alleles of HLA-C, HLA-B, or HLA-A [5] , but, since HLA and KIR map to separate chromosomes, some individuals lack specific KIR-HLA receptor-ligand pairing, leading to functionally null phenotypes.
Recent reports have documented a role for activating KIRs in the control of CMV infection after hematopoietic stem cell transplantation [7] or kidney transplantation [8, 9] , showing that the CMV reactivation rate in patients homozygous for the KIR A haplotype (virtually without activating KIRs) is higher than in patients with the B haplotype (with a variable number of activating KIRs), suggesting the importance of activating KIRs in the immune surveillance against CMV. Other reports have documented a role for inhibitory KIRs in other infectious diseases [10] [11] [12] [13] .
In this study, we tested the hypothesis that the KIR and HLA repertoire might influence the appearance of CMV symptomatic infection in the immunocompetent host.
METHODS

Patients
Between November 2011 and May 2013, a total of 60 consecutive patients with symptomatic acute CMV infection were recruited from 2 southern Italian hospitals (University of Palermo Medical Center, and Cervello Hospital, Palermo). Patients were included if they were immunocompetent adult subjects, with positive serological test for acute CMV infection (CMV-immunoglobin M [IgM] positive/CMV-immunoglobin G [IgG] negative test), with at least 1 of the following symptoms: fever, lymphadenopathy, splenomegaly, or clinical manifestations of hepatitis, encephalitis, or pneumonia. Patients were excluded if they had a positive test for surface antigen of the hepatitis B virus (HBsAg), anti-human immunodeficiency virus (anti-HIV), or anti-hepatitis C virus (anti-HCV) antibodies, or if they were being treated with any immunosuppressant drugs. As a control group, 60 blood donors, matched to the study population by age (±2 years) and sex with the study population, with a previous asymptomatic CMV infection (CMVIgM negative/CMV-IgG positive test, without any reported manifestations of acute CMV infection as assessed by interview) were retrospectively enrolled. Informed consent was obtained for collection of samples from all patients and controls. Consent forms were administered by physicians involved in the study.
HLA and KIR Genotyping
DNA was obtained from peripheral blood leukocytes by the salting-out technique [14] . Using the polymerase chain reaction sequence-specific primer (PCR-SSP) technique, the DNA of cases and controls were genotyped for the presence of the 3 major KIR ligand groups, HLA-C1, HLA-C2, and HLA-Bw4 (Epitop-TYPE kit; BAG Health Care GmbH, Lich, Germany). These were assigned directly by using specific oligonucleotide primers to type the codon corresponding to amino acid 80 for HLA-C (HLA-C1, Cw alleles with asparagine at position 80; HLA-C2, Cw alleles with lysine at position 80) and for HLA-Bw4 (Bw4-I, Bw alleles with isoleucine at position 80; Bw4-T, Bw alleles with threonine at position 80). KIR genotyping was performed for both inhibitory and activating KIR using the KIR-TYPE kit (BAG Health Care GmbH). The following KIR genes were analyzed, which included the inhibitory receptors KIR2DL1, 2DL2, 2DL3, 2DL5, 3DL1, 3DL2, 3DL3, the activating receptors 2DL4, 2DS1, 2DS2, 2DS3, 2DS4, 2DS5, 3DS1, 2 pseudogenes (2DP1 and 3DP1) and the common variants of KIR2DL5 (KIR2DL5A, KIR2DL5B), the KIR2DS4 allele (*001 = 002 and *003), and KIR3DP1 allele (*001 = 002 and *003). KIR gene profiles were determined by the presence or absence of each KIR gene.
Statistical Analysis
Comparisons of frequencies were made using 2 × 2 contingency tables analyzed by the χ 2 test. A logistic regression model was also considered in analyzing the data. The procedure started from a full model, including a set of variables as covariates encompassing all KIR genes and their HLA ligands, together with their interactions reputed as the most important, as suggested by the literature [6] . A backward procedure that compares nested models by Akaike Information Criterion was carried out to obtain the final set of significant covariates reported in Table 2 . An analogous procedure was used for the dataset containing only the subjects with the B haplotype, resulting in the subset of significant covariates reported in Table 4 . The whole analysis was performed by R (R Core Team, 2013) [15] .
RESULTS
The median age of the 60 consecutively enrolled CMV infected patients was 36 years, (ranging from 18 to 65 years), with a prevalence of males (37 out of 60 patients, 62% of cases). By univariate analysis, the frequency of individuals with the A haplotype in homozygosis was higher in the group with symptomatic infection (30%) than in controls (12%) (odds ratio [OR] = 3.24; P = .01), suggesting that subjects without activating receptors (AA haplotype) are more susceptible to develop symptomatic infection ( Table 1 ). The frequency of only 1 out of the 19 KIR genes analyzed, the activating KIR2DS2 gene, was significantly different in the 2 groups, being less frequent in the subjects with symptomatic infection (27%) than in controls (45%) (OR = 0.44; P = .03), again supporting a role of activating genes in the control of infection ( Table 1 ). The frequency of the HLA-C1 alleles was not different in the groups, but its interaction with the activating receptor KIR2DS2 (KIR2DS2-HLA-C1) was less frequent in the patients (7%) than in controls (22%) (OR = 0.26; P = .02) ( Table 1 ). The frequency of subjects with 2 copies of HLA-C2 alleles (HLA-C2C2) was higher in the patients (52%) than in controls (32%) (OR = 2.31; P = .03) ( Table 1) . Finally, the frequency of HLA-Bw4 T alleles was higher in patients (35%) than in controls (20%) (OR = 2.15) at marginal statistical significance (P = .06) ( Table 1) . No difference was observed in the number of activating receptors between patients and controls (data not shown).
Multiple logistic regression analysis considering variables that were both significant (P < .05) and not significant (P ≥ .05) in univariate analysis confirmed that AA haplotype (OR = 5.14; P = .003), HLA-C2C2 (OR = 5.03; P = .008), and also HLA-C1C1 (OR = 4.54; P = .04) were more frequent in patients with acute symptomatic CMV infection (Table 2 ) than in controls, whereas KIR2DS2 either alone or in combination with HLA-C1 was no longer associated with the outcome of infection. Notably, the HLA-Bw4 T , which was only marginally statistically significant in the univariate analysis, was found to be a predictor of the risk of symptomatic infection by multivariate analysis (OR = 2.62; P = .04), suggesting an interaction with other significant variables, such as the haplotype.
To assess if there were differences between patients and controls possessing the BB/BA haplotype (Bx haplotype), we analyzed the data of this subgroup of subjects separately, excluding the subjects with the AA haplotype, which was shown to be detrimental by itself. Using univariate analysis limited to the Bx haplotype subjects of both groups, the frequency of HLABw4
T alleles was found to be different in the groups both in (Table 3) . Moreover, the interaction of HLA-Bw4 T with the inhibitory receptor KIR3DL1 (KIR3DL1-
HLA-Bw4
T ) was more frequent in patients (40%) than in controls (19%) (OR = 2.92; P = .02) ( Table 3) . This difference was mainly due to HLA-Bw4 T homozygous subjects [(KIR3DL1-HLA-Bw4 TT : patients (33%), controls (15%) (OR = 2.81, P = .03)] (Table 3 ). These data suggest that the interaction of HLA-Bw4 T with the inhibitory receptor KIR3DL1 may counteract the activating receptors of the B haplotype in the symptomatic patients. Moreover, the frequency of subjects with 2 copies of HLA-C2 alleles (HLA-C2C2) was higher in the patients (55%) than in controls (34%) (OR = 2.35; P = .04) ( Table 3 ).
The multiple logistic regression analysis considering variables that were both significant (P < .05) and not significant (P ≥ .05) in the univariate analysis confirmed only the detrimental effect of HLA-Bw4 T (OR = 2.79, 95% confidence interval
[CI], 1.13, 7.16; P = .03), while the interactions KIR3DL1-HLABw4
T , and HLA-C2C2 were no longer significant (actually, if the interaction KIR3DL1-HLA-Bw4
T is introduced in the model without including HLA-Bw4 T alone, it is significant: OR = 2.92, 95% CI, 1.18, 7.58; P = .02). Sex and age, analyzed as conditioning variables, did not show any statistically significant difference between the groups both in the overall (Table 2) and the B haplotype subgroup multiple variable logistic regression analysis (Table 4) . Finally, 37 out of 60 (62%) symptomatic patients but only 18 out of 60 (30%) controls possessed the A haplotype or the HLABw4 T (the independent variable predicting symptomatic CMV disease that was statistically significant in both logistic regression models) with a highly significant OR (OR 3.75; P < .0005).
DISCUSSION
This genetic association study shows that immunocompetent adult subjects possessing the KIR AA haplotype or the HLABw4 T allele are more susceptible to develop a symptomatic acute disease after primary CMV infection. The reported association between the homozygous A haplotype and the risk of acute symptomatic disease is consistent with findings of other studies in which immunosuppressed subjects carrying the AA haplotype were shown to have a higher rate of CMV reactivation in the setting of bone marrow transplantation [7] or kidney transplantation [8] . In another study, it was also shown that in subjects who underwent kidney transplantation, the rate of CMV reactivation was inversely correlated with the number of activating KIRs [9] , further supporting the role of activating KIRs in the control of CMV infection. Our study extends these findings showing that in the immunocompetent host as well the activating KIRs also have a protective role against CMV infection. This protection was independent of the absolute number of activating KIR genes, because no difference was reported between patients and controls. Furthermore, this study suggests that the presence of the HLA-Bw4 T allele may influence the outcome of the disease. This effect could possibly be mediated by an interaction of HLA-Bw4 T with the inhibitory KIR3DL1, and was almost exclusively observed in the Bx haplotype subjects. This may suggest that there is less protection by the B haplotype due to this inhibitory interaction in the subgroup of Bx haplotype symptomatic patients carrying the KIR3DL1-HLABw4 T combined genotype. The KIR3DL1-
HLABw4
T inhibitory association has never been observed before for CMV infection. A single case report suggested a possible detrimental effect on CMV disease by another inhibitory receptor, showing that the abnormal expression of KIR2DL1 in the entire NK cell population of a young patient (with a genetic defect) was associated with severe recurrent CMV symptomatic disease [4] . In our cohort of patients, the supposed inhibitory receptor-ligand interaction KIR3DL1-HLABw4 T is solely related to the different frequency of the HLABw4 T gene, because the KIR3DL1 gene is equally represented, at high frequency, in both patients and controls (in 56 out of 60 subjects in each group). This effect seems to be "gene doseindependent," because it was observed both in the HLABw4 T heterozygous and homozygous subjects, which are the vast majority in this cohort of patients. In contrast to the KIR3DL1-HLA-Bw4 T interaction, we did not observe an association between the KIR3DL1 and the HLA-Bw4 I allele, which is generally considered a better ligand than HLA-Bw4 T for most KIR3DL1 allotypes [16] [17] [18] . This lack of association could suggest that the KIR3DL1 would not be involved in the detrimental effect of the HLA-Bw4 T , whose mechanism of action would thus remain unexplained. But direct and indirect data suggest that some HLA-Bw4 T allotypes are better ligands for certain KIR3DL1 subtypes [12, 19] , consistent with the functional role of the KIR3DL1-HLABw4 T interaction reported here, depending on which subtypes are involved. We did not analyze the different KIR and HLA subtypes in this set of data, but this issue will be explored in the future. Alternatively, it should be considered that, as reported in several studies, HLABw4 I also binds the activating KIR3DS1 [11, 20, 21] , which has recently been implicated in protection against CMV [22, 23] ; this interaction could offset the inhibitory activity mediated by the interaction with KIR3DL1. In contrast, the HLABw4 T allele does not bind the activating KIR3DS1, but only the inhibiting KIR3DL1, leading to a prevalent transmission of inhibitory signals to the cells (compared to the HLABw4 I allele).
The HLABw4 and the KIR3DL1 and KIR3DS1 loci have previously been implicated in conditioning HIV disease outcome, although data from different studies are inconsistent [11] [12] [13] . Surprisingly, individuals possessing the highly inhibitory KIR3DL1 allele, along with their HLABw4 ligands, were relatively more protected against HIV infection [12] . Another different inhibitory KIR-HLA association, KIR2DL3-HLAC1, was shown to be associated with spontaneous resolution of HCV infection [10] . The authors hypothesized that the reported association would be protective because it is more easily overridden by activating signals compared with other stronger inhibitory interactions, such as KIR2DL2-HLAC1 or KIR2DL1-HLAC2 [10] . This mechanism is different from what is proposed in our study, which is related to a stronger inhibitory signal transmitted by the KIR3DL1-HLABw4
T interaction, capable of overcoming activating signals.
It is worth noting that the patients with the AA haplotype or Bx haplotype and HLABw4
T are twice as numerous as controls (37 vs 18, respectively) with a highly significant OR (OR 3.75; P < .0005). This suggests that primary symptomatic CMVinfected patients represent a specific subgroup in terms of KIR-HLA genes. This observation strengthens the role of NK cells for a rapid and effective immune response to human CMV infection. Although functional data have mainly implicated the NKG2/HLA-E system in the control of CMV infection [24, 25] , our genetic data highlight the importance of both activating and inhibitory KIR interactions with polymorphic HLA molecules in human CMV infection, not only in immunecompromised patients, as shown by recent evidence [7] [8] [9] , but also in the immunocompetent host. Two-thirds of the patients consecutively enrolled in the study were males. However, we did not observe differences in genotype distribution with this set of data when subjects were categorized according to gender, indicating that KIRs may not be involved in the different prevalence of the symptomatic infection between males and females. Similarly, we did not observe any difference in genotype distribution between patients categorized according to age.
A limit of this analysis is the relatively small sample size. This could have reduced the statistical power and limited the ability to identify some KIR-HLA interactions that may not achieve statistical significance even with a very different OR between the groups in some comparisons.
An example is represented by the activating KIR2DS2-HLAC1 interaction, which was significantly less frequent in patients than controls in the univariate analysis shown in Table 1 . We observed that 3 out of 4 KIR2DS2-HLAC1 interactions among patients and 12 out of 13 among controls occur in those subjects with the Bx haplotype and without the abovereported inhibitory interaction KIR3DL1-HLABw4
T (3/23 [13%] in patients, 12/42 [29%], in controls; OR = 0.38). The KIR2DS2-HLAC1 interaction is consistent with our model, indicating another difference in the B haplotype subpopulation among patients and controls, possibly leading to a stronger response in controls, even though not statistically significant. Another limitation related to the relatively small sample size was that we could not analyze any possible interactions between KIR and HLA, so we limited our analysis only to the supposed interactions suggested by literature data. This hampered the opportunity to identify possible novel interactions. An analysis aiming to find a possible correlation between the KIR or HLA genotype and the outcome of CMV infection in symptomatic patients has also been performed. Regarding the clinical presentation, most of the patients have malaise, fever, and lymphatic node swelling with or without mild hepatitis, some patients had more severe hepatitis, 3 patients had pneumonia, and 1 patient had severe neuropathy. Given the heterogeneity of clinical presentation, to improve the sensitivity of the statistical analysis, we tried to categorize patients according to the severity of disease, grouping them in classes according to a specific sign or symptom (eg, level of alanine aminotransferase; number of lymphocytes; or severity of clinical presentation, such as severe hepatitis or pneumonia, etc.). In this analysis, we did not find any association between the outcome of symptomatic infection and a particular genetic signature (HLA, KIR haplotype or specific KIR gene). However, it is possible that the small sample size (60 patients) could have limited the reliability of the analysis (data not shown).
In conclusion, studying a cohort of 120 subjects with CMV infection, we provide evidence for a detrimental effect of the AA haplotype or the HLA-Bw4
T allele on the outcome of primary CMV disease, suggesting that KIR and HLA polymorphisms play a primary role in the immunocompetent host. The data suggest that HLABw4 T alleles likely exert their function through their association with the inhibitory KIR3DL1, but the exact mechanism remains to be explained. The results provided here show that genetic differences are present between subjects with different abilities to respond to primary CMV infection, suggesting that a specific KIR and HLA gene segregation was likely the result of a selective pressure by CMV. Characterization of NK cell population/phenotype, together with co-culture experiments with CMV infected cells (eg, CMV-infected fibroblast cells) and patient or donor NK cells, will be conducted in further investigations to assess whether a differential phenotype/maturation of NK cells could depend on the expression of different KIR/HLA genotypes or haplotypes. Considering the profound effects of CMV infection on the health and quality of life of immunocompromised individuals [26] , patients with comorbidities, the elderly, and children, and also its importance in immunosenescence [27] , identifying the mechanisms responsible for the genetic control of CMV may provide important insight into the functioning of NK cells in the context of the infection and may have important clinical implications.
